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Abstract 
Monitoring of the surface operations using movement and surveying radar (MSR) can 
prevent loss of: life, equipment, production and loss of the mine. Slope monitoring using 
MSR is an important aspect of open-pit mining as it provides real-time movement of 
deformation data for the slope. It is therefore important that the radar is accurately geo-
referenced in order to provide accurate real-time movement data. Geo-referencing is defined 
as the process of determining an instrument’s position (in the form of X, Y, Z) as well as the 
orientation with respect to the mine’s local coordinate system. This helps in getting geo-
referenced data points from the radar that are identified by a unique set of coordinates in 
relation to the mine’s coordinate system which allows the radar to track movement for a 
specific set of coordinates. In this research, we assess the performance of geo-referencing 
a radar using the total station method and compare it with the integration of Advance 
Navigation – Spatial Dual system GPS connected via RS422. This includes assigning the 
Spatial Dual navigation coordinates (Easting, Northing and Height) output to the radar’s 
azimuth and elevation (Az, El and Range) coordinates from the motor encoders.  
Furthermore, a comparison of key attributes of both methods of geo-referencing methods is 
performed using a matrix system and giving an overall performance appraisal of both 
systems. Integrating a navigation system allows the radar to have an auto geo-referencing 
functionality that will reduce the time spent in completing this process. The findings reveal 
that the GPS obtained a higher score than the total station with prism method on the 
weighted matrix system. The total station was found to be more accurate than the GPS 
however, the deployment time for the GPS is quicker than that of the total station. This is 
important for different operation to choose the preferred method of geo-referencing 
depending on the level of accuracy required.   
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1 Chapter 1: Introduction  
1.1 Introduction to slope stability 
In open pit mining, activities such as blasting cause strain and stress on the wall around the 
pit. This may result in slope failure which is a risk factor for both business and safety of the 
mine. Slope failure can have critical consequences such as injury to personnel, loss of lives, 
loss of production and damage to mining equipment. It is therefore imperative that the slope 
is monitored for potential failures. Slope monitoring is important as it serves as a warning 
system for mine personnel of any areas on the pit slope that are unstable.  
An example of a slope monitoring tool in open pit mining is the movement and surveying 
radar (MSR) developed by Reutech Radar Systems (Reutech, 2013). This provides real time 
movement data with precise coordinates of each point measured. The determination of an 
individual coordinate point is achieved by a process called geo-referencing. Mining 
operations are usually large and typically utilize their own site specific coordinate system 
that is different from the traditional and main stream coordinate systems applied. As a result 
of the different coordinate systems, whenever a MSR is deployed, there is a need to geo-
reference it to ensure that the data collected can be allocated to the correct Easting, Northing 
and Height (X, Y and Z) location on the pit slope.  
Geo-referencing is a process used to assign the location of a device or point to a system of 
geographic coordinates so that the location or point is apportioned to its real world location. 
Sommer and Wade (2006) define geo-referencing as “aligning geographic data to a known 
coordinate system so it can be viewed, queried and analyzed with other geographic data”. 
When applying radar technology to pit slope monitoring, geo-referencing is paramount in 
determining the exact location or coordinates for points and portions of the pit slope that are 
moving in order to mitigate pit slope instability and potential failure.  
This study will explore the use of Global Positioning System (GPS) to geo-reference an 
MSR. This will include comparing the current manual method of geo-referencing with the 
proposed and designed automated method. The comparison will be achieved by comparing 
the key attributes of both methods using a weighted matrix system. This study will also 
provide a state of the art accuracy comparison of geo-referencing the radar and in addition 
provide recommendations on the preferred method based on the results and data collected. 
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1.2 Problem statement 
The use of a total station and prism technology for geo-referencing a MSR is tedious and 
time consuming. Whenever there is a blast in mining operation, the radar needs to be moved 
and on return, be geo-referenced. This process is time consuming especially in operations 
that require a lot of blasting and moving the radar often. The current method of geo-
referencing is completed manually. An implementation of a quick geo-referencing method 
using a global positioning system is required to reduce the time spent in this process. 
1.3 Research question 
Can the integration of the global positioning system be used to geo-reference the MSR? 
1.4 Objective and scope of research 
The principal objective of this dissertation is to study the integration of the global positioning 
system on the MSR for geo-referencing and compare it to the total station and prism 
technology. 
The sub-objectives are: 
 To review specifications for geo-referencing requirements. 
 To explore different options as an alternative to the current method of geo-
referencing. 
 To present a methodology for geo-referencing based on the current used 
methods and industry practices.  
 The collection of geo-referencing data for the comparison of the 
methodologies. 
 To compare and contrast key performance attributes of each method using a 
weighted matrix system.  
 To provide recommendations regarding the most effective methodology. 
The outcome of this study will be valuable for the industry as it will develop an alternative 
method of geo-referencing a radar. 
1.5 Scope of the study 
This study is limited to only one GPS integration and the results are based on the accuracy 
of this GPS when integrated with the MSR. Furthermore, the researcher assumed that the 
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GPS would be ideal for this research based on the manufacture’s specifications. The 
preliminary literature review did not provide any evidence on the specific GPS to use.  
1.6 Dissertation outline 
Chapter 1 gives a detailed introduction of slope stability monitoring and the importance of 
the movement and surveying radar in the mining industry. It also gives a brief background 
of the importance of geo-referencing as applied on the movement and surveying radar. The 
chapter describes the problem statement and gives the main objective of this study.  
Chapter 2 begins by describing geo-referencing, coordinates system and basic radar 
principles as used for slope monitoring. This includes a detailed description of how the MSR 
measures, calculates and plot the point data on the human machine interface (HMI).Then 
the chapter continues to describe the work done previously in relation to geo-referencing 
and survey. At the end of chapter 2, an evaluation of the technological contribution of this 
study is done.  
Chapter 3 illustrates the integration and methodology followed to complete the comparison 
of the two geo-referencing methods. This includes software design information, setup for the 
tests, and how the data was collected for comparison. The chapter also gives more details 
on how the matrix table components were calculated and used to compare the two methods. 
Chapter 4 provides the detailed experimental setup, results of the 5 deployments that were 
done in different locations/site in order to determine the accuracy of the GPS used and the 
time it takes to obtain average coordinates that can be used for geo-referencing. The chapter 
also shows the results of the deployments and a comparison of the two methods. This 
chapter continues to show the analysis of both the integrated GPS system on the MSR 
comparing it to the total station. 
Chapter 5 discusses the results obtained in the deployments and how each method has 
performed in terms of the matrix table components. The chapter goes into details about how 
each individual deployment results were and compares these with the expected results. At 
the end of the chapter, the preferred method that each operation can choose is discussed 
based on the results obtained.  
Chapter 6 gives a conclusion of this study and discussed the recommendations that have 
been derived from performing the comparison. The chapter also gives some suggestions for 
further research in this field.   
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2 Chapter 2: Literature Review  
In this chapter, previous related research and work are discussed. This means that in order 
to describe the research problem thoroughly, a preliminary literature review was done. The 
reviewed literature comprised of geo-referencing procedure described by Reutech Radar 
Systems (Reutech, 2013), mining coordinate systems and papers that were previously 
written concerning geo-referencing. The review also focuses on the complexity of geo-
referencing a system, the accuracy as well as the average time it takes one individual to 
geo-reference a system. 
2.1 Definition of geo-referencing 
Geo-referencing can be seen as an overall term from describing techniques that are used 
to uniquely identify geographical objects as discussed by  (Hoek et al., 1981). Any point on 
the surface of the earth can be represented in the form of latitude, longitude and the altitude. 
These points are sometimes referred to as geographical, spherical or geodetic coordinates. 
These types of coordinate systems can be represented on a Rectangular Cartesian system 
in either two or three dimension. Figure 2-1 shows position of P represented by three 
distance components X, Y, and Z measured from the origin O.  
 
Figure 2-1 : Representation of coordinate system on a Cartesian system. 
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MSR’s use the above mentioned coordinate system to determine the radar’ position and to 
give more defining data from the system. This is combined with the Total station’s azimuth 
(the horizontal angle) and elevation to give the orientation of the system when geo-
referenced.  
2.2 Radar principles for the monitoring of pit slopes 
In mining applications, MSR is used to measure the phase and amplitude of the reflected 
signal for up to a distance of 4km (Reutech, 2013). As the radar moves the antenna to scan 
the azimuth and elevation, different parts of the slope are illuminated by a narrow torch-like 
beam. These parts of the slope will then reflect a radio frequency energy and this can be 
used to determine the displacement of the slope over time. An example of the radar beam 
measuring a slope is shown in Figure 2-2. 
 
Figure 2-2: Radar Beam measuring the pit slope 
The slope movement or changes in the relative range can be determined from the phase of 
the radar signal. The range to the slope can be calculated using the distance formula shown 







The speed of a radar wave is equal to the speed of light where 𝑐 = 3 × 108 (Bagad, 2008) 
and t = time taken to receive the return signal.  
The range is divided by 2 because the signal has to travel to and from the slope. Figure 2-3 
shows a simplified example of the return signal with the phase angle of the return signal as 
zero. 
Ebenhezer Mabotha: 201201542 2020 
  Page 5 
 
Figure 2-3 : Radar relative range measurement 
Should the slope move, the next measurement of that point will have a change in the phase-
shift of the return signal. Figure 2-4 shows an example of phase shift.   
 
Figure 2-4 : Phase shift example for determining relative range 
The second radar measurement is shown in green in Figure 2-4 indicates that there is a 
phase shift to the target. The Radar uses the phase shift difference between the two 
measurements to determine the relative range. The MSR uses a frequency of approximately 
10GHz in order to meet the required precision wanted in mining applications. MSR utilizes 
a wavelength of 30mm and therefore a phase shift of 5° will be equal to 0.2mm of movement. 
This example of phase shift can be expressed in formula (2) shown below. The phase shift 
is converted from degree to millimeters so that they can be easily interpretable for movement 
accumulation. The MSR will then accumulate these phase shift changes in relative range to 
track the movement of the pit slope over time.  
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) = 0.2𝑚𝑚 
(2) 
𝑤ℎ𝑒𝑟𝑒: 
 𝜆 = 𝑤𝑎𝑣𝑒𝑙𝑒𝑛𝑔𝑡ℎ = 30𝑚𝑚  
  
As the radar antenna moves and receives the return signal from the pit slope, the center 
point of each beam is plotted on a plane. These center points are used to visualize the pit 
slope using the human machine interface (HMI) and they can help in determining the stability 
of the wall over time. This is shown by using different colourings based on the speed of each 
point over time. The MSR overlaps the beam of the signal and each center point is plotted. 
An example of the scan pattern performed by the MSR is shown in Figure 2-5.  
 
Figure 2-5: MSR scan pattern (extracted from Reutech Radar System Manual) 
(Reutech, 2013) 
Each center point of the beam can be allocated Azimuth, Elevation and Range by the radar 
encoders. Once the radar is geo-referenced to known mine beacons, the Azimuth Elevations 
and Range of the center points can be allocated the X, Y and Z coordinates based on the 
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local mine coordinate system.  This helps the mine personnel to know precisely where the 
movement and potential failure of the pit slope will occur. Without geo-referencing the MSR, 
the data obtained will not be referenced and therefore it will be difficult to determine where 
the movement is occurring. Figure 2-6 shows the data plotted on the HMI software used to 
analyze the slope instability. It also shows details of the selected point which includes the 
radar’s Az, El and Range as well as the actual coordinates of the points as E ,N and RL.   
 
Figure 2-6: Point data display on the HMI. Extracted from HMI software (Reutech, 2013) 
2.3 Geo-referencing using total station and prism 
Before describing the process of geo-referencing, it is important to know the components 
that are involved with the process.  
2.3.1 Geo-referencing components 
According to Reutech, (2013), the following components are rquired:  
i. MSR 
MSR is used to measure the stability of a mine surface. Radar systems operates by radiating 
out a sinusoidal electromagnetic wave towards the target and detect the electromagnetic 
wave reflected back by the targets. According to Kingsley & Quegan (1999), radar is all 
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about waves to detect the presence of an object and to find their position. The reflected 
signal will scatter off any object that it encounters and some of that signal will be reflected 
back 180° out of phase. The reflected signal is then compared with the transmitted signal to 
determine the properties of the target.  
The main components on the slope monitoring radar are a computer, frequency synthesizer, 
transmitter, receiver, analog to digital converter(ADC), circulator and an antenna. The 
computer controls the synthesizer to generate a sinusoidal alternating current wave with a 
precise frequency. The signal is then amplified by the transmitter and routed to the antenna 
via the circulator (Kingsley & Quegan, 1999). Figure 2-7 illustrates a simple block diagram 
of the main components included  on the MSR. 
 
Figure 2-7: Block diagram of main components of movement and surveying radar. 
The antenna radiates a narrow beam of electromagnetic waves towards the target (pit slope) 
at a power of 54mW and a small fraction of the energy is reflected back to the radar. The 
reflected wave is interpreted by the antenna and the signal is routed via the circulator to the 
receiver. The receiver amplifies the reflected signal and routes it to the analog to digital 
converter (ADC) where it is converted to bits and fed to the signal processor, which will 
convert the bits into numerical values. The converted values are then fed to the computer, 
which will display the target information on the HMI. The target information displayed on the 
plane can be viewed according to the mine’s coordinate system. This can be done only if 
the radar is geo-referenced. The returned signal from the target can be assigned X, Y, and 
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Z coordinates. The accuracy of the point will depend on the accuracy of the radar’s geo-
referenced position. 
ii. Total station with Tripod 
Total station plays a major role in geo-referencing. According to (Chekole, 2014), it 
combines the angle measuring technique with an electronic distance measuring (EDM) 
technology to determine the horizontal angle, vertical angle and slope distance to a 
particular point. It consists of a number of technologies in order to achieve great accuracy 
and reliability as discussed by (MacKinnon & Murphy, 2004). This includes laser, which is 
used to collect data by directly, and accurately capturing object surfaces. The collected data 
can then be used to generate two-dimensional or three-dimensional models, which are used 
for a wide variety of application. The greatest advantage of using a total station is the fact 
that it can capture points with accuracy in a relatively short period of time (Chekole, 2014). 
Total stations are line of sight instruments and therefore for better performance, the laser 
must be pointed as accurate as possible to the measured target. 
MacKinnon & Murphy (2004) discusses how the total station works and how it has evolved 
from theodolites which only measured the horizontal and vertical planes. This gives a better 
idea of how well is the positioning accuracy of the total station over a distance and this 
information will play an important role for this comparison.   
iii. Prisms 
Prisms are used to redirect the measuring beam back to the electronic distance 
measurement equipment. The type of prism recommended by Reutech for geo-referencing 
an MSR is a circular type from Leica name GMP111 Mini Prism (Reutech, 2013). This allows 
high-accurate measurements of range/distance of up to 2km. Lackner and Lienhart discuss 
the impact of prisms on measurements and concludes that for high accuracy application, it 
is advisable to use circular prisms (Lackner,S & Lienhart, Werner, 2016). Their experiments 
showed that the measurement deviation for circular prisms were less than 1mm when the 
prisms were orientated within +-30 degrees to the line of sight. This is important in geo-
referencing as it can affect the accuracy of the position. 
iv. Reference points(targets) 
Reference points are any random points that are collected by the surveyors when creating 
a 3D model of the mine surface. The quality of these points depends on the accuracy of the 
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device used and the number of points taken.  During the process of geo-referencing, some 
of these points are used as reference targets and they play a major role. This means that 
without these reference points we cannot geo-reference the radar. These points are 
manually collected by the surveyors and can sometimes move due to vibrations and wall 
instability. Kovanič, et al., (2017), describe in detail how the points are collected. 
2.3.2 Geo-referencing process 
When geo-referencing, the mine will collect and provide reference points as targets. The 
mine’s coordinate system is in 3D format in the form of X, Y and Z (Easting, Northing and 
height) and when geo-referencing the radar it is necessary to have the coordinates in the 
same format. Coordinates of the radar relative to the mine’s coordinates can be determined 
using the total station as long as there is a direct line of sight to the reference points. The 
total station is used to calculate the angles to the reference points and distances to the 
prisms on the radar. The position of the total station and radar are then calculated using 
triangulation and trigonometry. The radar is equipped with a data processor and will do 
mathematical calculations using measurements from the total station to establish where it is 
situated relative to the mine’s coordinate system. Figure 2-8 shows a typical geo-
referencing setup. 
 
Figure 2-8 : Typical geo-referencing setup with total station method. (Reutech, 2013) 
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It is important to note that the two prisms on the radar have references (left/right). This allows 
the orientation of the radar to be determined. 
2.4 Accuracy of geo-referencing using total station 
The accuracy of geo-referencing a radar using total station is mainly be determined by the 
accuracy of the total station, prisms (Leica Geosystems)and the accuracy of the points 
collect by the user.  The current total stations used by Reutech are Leica TS03 and TS07 
which can manually be adjusted to point the target. According to Leica geosystems 
recommendation (Leica Geosystems), in order for the total station to give accurate reading 
and precise measurements it is important to constantly do the following: 
 Check and adjust the instrument from time to time 
 Take high precision measurements during the check and adjust procedure. 
 Measure the targets in two faces. 
Total stations accuracy is affected by humidity, temperature and pressure but this can be 
corrected for atmospheric changes by inputting changes into the parameters.  Beam 
interruptions and moving objects within the beam path can results in the inaccuracy of the 
reading and therefore not correspond with what the manufacturer has specified. It is 
therefore important that there is a clear line of sight and adjusted before measurement. 
Errors associated with the total station can be reduced or removed with two-face 
measurement. Table 2-1 shows errors affecting the horizontal and vertical measurements, 
and how to adjust them.  
It is also important to note that the type of prisms used during measurements may cause 
some deviations and therefore it is important that Leica recommended prisms be used.  












Line of sight error Yes No Yes Yes 
Tilting axis error Yes Yes Yes Yes 
Compensator errors Yes Yes No Yes 
V-index error Yes Yes Yes Yes 
Accuracy of standard prism distance measure may vary depending on the type of prism 
used. Table 2-2 shows the accuracy of measurements to standard prisms 
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Table 2-2: Accuracy of measurements to standard prism. (Chekole, 2014) 
EDM measuring mode  Std dev. Standard prisms Measurement time [s] 
Standard 1 mm + 1.5ppm 2.4 
Fast 3 mm + 1.5ppm 0.8 
 
2.5 Global positioning system 
Global positioning system was developed by the department of defence in the United States 
to provide the US Forces with a more reliable, navigation positioning ability wherever they 
were. The system consist of approximately 33 satellites which revolves around the earth 
and allows access worldwide for free. The GPS satellites can be found on the MEO orbit as 
it is a home for navigation, communication and geodetic artificial equipment. The obital 
distance of the MEO is approximately 20 180 km. The GPS calculates its position by 
measuring the distance from different satellites. This is accomplished by calculating how 
long the radio signal takes from the satellite to the receiver and multiplying the time by the 
speed of light. (Marshall, Coleman, Bolton, & Cowell, 1998)  
According to (Read & Stacey, 2009) GPS is based on satellites that revolves around the 
earth that can be used for positioning any location twenty-four hours a day in any weather 
condition. Positioning is accomplished by using the signal that is transmitted by satellites to 
ground receivers. Using multiple receivers simultaneously in a differential mode relative 
position can be measured between them and can be done so with high accuracy of a few 
millimeters. 
In mining applications, high levels of accuracy are necessary. Standard GPS accuracy is 
low and can only be used in applications of low accuracy of positioning as discussed by 
Mingqin & Xiuping (2015). To achieve better accuracy as required in the mining industry, the 
use of relative positioning techniques such as a differential GPS is necessary. This can also 
be integrated with the use of Real-Time Kinematic (RTK) systems for accuracy of a few 
millimeters as described by (Read & Stacey, 2009).  
2.5.1 Accuracy of GPS 
When coming to GPS accuracy, there are three main levels that are available to the user 
ranging from < 10mm to < 100m as laid out by (Marshall, Coleman, Bolton, & Cowell, 1998) 
ant they are shown in Table 2-3: Levels of GPS accuracy. . Depending on the user’s 
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application, choosing the appropriate GPS is important as this comes with cost implications. 
The accuracy of GPS depends on the source of errors when calculating the distance 
between the satellite and the GPS receiver.  







Autonomous 15-100m 30-200 m 
Leisure activities like boating, aviation or 
hiking 
Differential GPS (DGPS) 0.5 -5m 1-10m 




+/-10 mm +/-20mm 
Survey, precise positioning, machine 
control 
To use the GPS for positioning, the receivers require an unobstructed view of at least four 
satellites. For open-pit mining, this is possible because the operation is on the surface and 
therefore there is always an unobstructed view to most satellites. The GPS uses three 
satellites to determine the horizontal position in two-dimensional(2D) and the fourth satellite 
is used to determine the altitude. The accuracy of the GPS can be affected by a concept 
called multi-path as described by Read & Stacey (2009). 
Some of the technologies that are useful to understand the operation and performance of 
GPS are explained below. 
i. Global navigation satellite system  
Global Navigation Satellite Systems (GNSS) consist of several satellites systems in space 
that broadcast navigation signals, which are received by the receiver on earth to determine 
the receiver’s position. The main difference between a standard GPS and a GNSS is that a 
GNSS device can use other navigation satellites such as GLONASS, European Union’s 
Galaleo and China’s Beidou. This increases the accuracy of the receiver because it can 
connect to more satellites which allow better correction of the position. According to Advance 
Navigation (2017) some systems incorporates gyroscopes, magnetometers pressure 
sensors with dual antenna RTK GNSS receiver and temperature calibrated accelerometers. 
The combination of these components provides amazing results and plays a vital role in the 
accuracy of the GPS. Standard GNSS system provides a position accuracy of 2.5m but 
some advanced GPS can provide an average horizontal accuracy of up to +-10mm using 
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triple frequency RTK GNSS receiver as well as differential GPS method. Feng & Wang, 
(2008), gave a full classification of several GNSS positioning system types and described 
how each type works. This gives a more in-depth understanding of this concept. 
ii. Differential GPS 
Another method of improving the accuracy of GPS is by using a Differential GPS (DGPS). 
DGPS is a method of improving the accuracy of a GPS by measuring its errors from a known 
reference point (Madad Ali Shah, 2010).This technique provides accurate positions enough 
for engineering applications as discussed by (Marshall, Coleman, Bolton, & Cowell, 1998). 
This is achieved by using more than one receiver. One of the receivers used will be a base 
and it is placed at a known point. The other receivers are known as rovers or mobile 
receivers and it is used to find the position at the point of application. Since the position of 
the base is known relative to the position of the satellites, the errors can be calculated and 
used to correct the position of the rover. An example of this technique is shown in Figure 
2-9.  
 
Figure 2-9 : Differential GPS example  
Using DGPS method allows two different approaches to implementing the differential 
corrections as discussed by (Madad Ali Shah, 2010). The first method is to use the position 
of the base station to calculate and apply the corrections to the mobile GPS receiver in 3D. 
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The second method is to calculate the correction distance between the individual satellites, 
which are visible to the base station, then apply these corrections to the mobile GPS range 
measurements. This allows technique provided accuracy improvement of 0.5m – 5m 
(Marshall, Coleman, Bolton, & Cowell, 1998).  
iii. Real Time Kinematic (RTK) 
RTK GPS receivers take in normal signals from GNSS and use a variety of sophisticated 
methods such as advanced algorithms and radio communication to calculate the range to 
satellites in order to improve accuracy to up millimeters. RTK system consists of at least one 
reference station and a network server with the capability of data processing. The mobile 
receiver is generally equipped with a GNSS RTK receiver. RTK corrections are received 
from a network of RTK base stations. It the most accurate technique by far as discussed by 
(Marshall, Coleman, Bolton, & Cowell, 1998). An RTK system achieves accuracies of better 
than 10mm and therefore it is widely used by surveyors and for machine position. 
2.5.2 Sources of GPS errors 
Before discussing the accuracy of GPS it is important to look at the sources of error that 
affect the GPS accuracy. The following sources of errors should be considered: 
i. Multipath 
Multi-path is when the satellite signal is reflected off an object before reaching the GPS 
receivers. This makes the signal arrival time to be longer than it would have been if there no 
reflection. This causes the accuracy of the GPS to degrade because the receivers calculate 
the readings on the timing of the signal from the satellites. Multipath can affect the 
performance of the GPS, especially in the mining environment because there are areas that 
can reflect the GPS signals. This can be avoided by making sure that the installation of the 
receivers are well placed to eliminate this issue (Marshall, Coleman, Bolton, & Cowell, 
1998). 
ii. Ionosphere and troposphere 
The speed of light is constant in a vacuum but it changes when it enters the atmosphere 
because errors are introduced. These errors are not significant on the standard application 
of the GPS but they may play a major role in applications that require centimeter accuracy. 
RTK receivers that are used for millimeter precision analyze two different signals from 
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satellites to estimate the error and cater for it as discussed by (Marshall, Coleman, Bolton, 
& Cowell, 1998). 
iii. Selective availability 
Selective availability is a purposeful degradation of the GPS signal and timing accuracy. The 
U.S Government control the satellites and therefore they use selective availability to confuse 
the receiver GPS so that it does not know its exact position for security purposes (Marshall, 
Coleman, Bolton, & Cowell, 1998). 
iv. Position Dilution of Precision (PDOP) 
Position Dilution of Precision is a geometry problem that is introduced by the positions of the 
satellites at certain times of the day. Receivers are programmed to reduce these errors but 
for high precision, there is software available that allows the user to predict the PSDOP for 
the specific time of the day (Marshall, Coleman, Bolton, & Cowell, 1998). 
A summary of the of the GPS sources of error and solutions is shown in Table 2-4 
Table 2-4: Sources of GPS errors. (Marshall, Coleman, Bolton, & Cowell, 1998) 
Error type Cause  Solution 
Selective Availability 
USDOD deliberately introduces this 
randomly variable error for security 
reasons 
Differential GPS correction 
Ionosphere Particle Ionization changes speed of light  Dual frequency comparison 
Troposphere Moisture changes speed of light 
Mathematical modelling of 
error 
Position Dilution of precision 
The relative position of satellites either 
cancels errors or reinforces them 
Quality control by receivers 
Multipath 
Reflection of signals increases distance 
travelled 
GPS antenna design, 
signal filtering 
Others Clock error, receivers, ephemers Receiver software 
 
2.5.3 Attitude and heading reference system (AHRS) and finding orientation 
Attitude and heading reference system use accelerometers, gyroscopes and 
magnetometers to provide heading or orientation. Orientation consist of three components: 
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pitch, roll and heading. The rotation axes of pitch, roll and heading are shown in Figure 
2-11. The most vital information for orientation is the azimuth and elevation and these 
parameters are not observed by a standard GNSS system. However, two established 
methods allow orientation to be calculated on the GNSS receivers as discussed by David 
Grimm. (Grimm, 2008). 
i. Direction finding while moving 
This method determines the heading of a GNSS receiver by calculating the direction of 
movement using several previous positions. While the receiver is mounted on a vehicle, the 
known positions can be used to improve the actual orientation information. The better the 
dynamic f movement by the vehicle, the better the orientation can be determined. (Grimm, 
2008). 
ii. Direction finding by using two or more antennas 
This method requires two or more antennas to be used in order to determine the orientation. 
This method is used when the receiver is not moving or when the receiver is turning on its 
own axis. The antennas are mounted on a known baseline and therefore by using the 
antenna positions, the orientation of the baseline can be determined. This can be shown in 
Figure 2-10. (Grimm, 2008). 
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Figure 2-10 : Antennas on a baseline. (Grimm, 2008) 
2.5.4 Coordinate system 
GPS have three different axes: X, Y and Z and these can be used to determine the direction 
around which angles are measured. Figure 2-11 illustrates an example of navigation system 
with the reference axes.  
Figure 2-11 : Spatial Dual axes and first right hand rule. Extracted from Advance 
Navigation manual. (Advance Navigation, 2017) 
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When using GPS systems, it is important to align the axes correctly otherwise the system 
will not work correctly. The configuration and system installation will be discussed later in 
this dissetation. 
2.5.5 Geodetic coordinate system 
The geodetic coordinate system is widely used to describe an absolute position on the earth. 
It is made up of the latitude and longitude angles combined with the height relative to the 
ellipsoid. Latitude is the angle that describes the north to south position of a point on the 
surface of the earth. Longitude refers to the angle that describes the east to west of a point 
on the surface of the earth.  
Latitude and longitude give two-dimensional point on the surface of the earth. To obtain a 
3D point, a third component, height, can be used (Advance Navigation, 2017). Height is the 
height above World Geodetic System (WGS84) reference ellipsoid. The WGS84 ellipsoid is 
used to estimate the sea level across the earth. Using this system means that the height of 
any point on earth will always be in relative to the sea level but this may differ with certain 
places.  













Figure 2-12: Latitude and longitude represented on the earth to describe the earth. 
(Advance Navigation, 2017) 
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2.6 Summary of the literature 
Based on the review of the previous work carried out, the GPS has been used in mining for 
tracking of mobile equipment and surveying. Relative to the slope monitoring radar, GPS 
has not been used for geo-referencing a movement and surveying radar and therefore geo-
referencing has been limited to the use of the total station.  
This research can be used as a take-off for further research in the integration of the GPS on 
the MSR. The benefits of GPS for geo-referencing a movement and surveying radar were 
never taken evaluated. This study now closes the gap by comparing the total station with 
prism method to the GPS. The study will/can help users to choose the appropriate method 
of geo-referencing for a given operation as it provides the accuracy and time results for each 
method of geo-referencing. It was noted that the use of a global positioning system to geo-
reference a system comes with several technologies that may influence the performance of 
the GPS and accuracy. Moreover, making the results available for this study will serve as 
reference for future studies and improvements in this field.  
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3 Chapter 3:  Research Methodology  
3.1 Introduction 
The literature review presented in the previous chapter explored in detail the use of total 
station and the performance in geo-referencing as used in various related literature. This 
type of research requires analysis of the proposed research question, literature review and 
practical measurements which are essential to formulating a conclusion.  The process of 
using total station, prism and target points to geo-reference was explored to build a 
comprehensive understanding of what geo-referencing is all about based on the process or 
principle that Reutech Radar System currently uses. The GPS system and some 
technologies that contribute to its accuracy were also discussed. This chapter aims to layout 
the methodology that was followed to apply the strategies that were used in literature to 
perform a comparison of the GPS and the total station with prism technologies. It outlines 
the process that was used to investigate the research question brought forward in chapter 
one as a possible solution to the research problem. This chapter contains the research steps 
and methods adopted for the study. The chapter also includes the instrument, procedure, 
sites information used for data collection. More information is also provided on the method 
used for data analysis, the validity and reliability of the study 
3.2 Research methodology 
An experimental research method was chosen for this research as it seeks more conclusive 
decision-making information derived from data acquired. This was important so that we can 
understand and layout facts about geo-referencing. Therefore, the quantitative approach 
helped in keeping the research unbiased and reliable.  The biasness was mitigated by a 
one-to-one experimental process and results were compared in order to reach unbias 
comparison results. Hardware and GPS integration 
Based on the literature, the following components are required to geo-reference an MSR 
using a total station: 
i. MSR 
ii. Prisms 
iii. Reference points 
iv. Total station, total station cable and tribrach 
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To perform the comparison, a GPS was integrated into the MSR. The integration of the GPS 
and antennas are done on an already existing system. Figure 3-1 shows the hardware 
connection on the MSR and illustrates the integration of the Advance navigation system that 
will be used for comparison.  
Port 1: Weather
Station
Port 3: Tilt 
Sensor











Serial to Ethernet 
Converter
HMI and data 
processor
Ethernet cable from serial 
converter to the switch
From the switch to the 
laptop/HMI
 
Figure 3-1 MSR GPS integration diagram  
The Advance Navigation GPS uses the ODU Mini snap Series B connector for 
communication and power supply. The power source is not from the communication device 
and therefore the cable was tapped and split into two to accommodate this. Pin 2 (Power) 
and Pin 9 (Power ground) of the connector are for power and the rest are connection to the 
serial to Ethernet converter. The GPS system supports a voltage range of 9V -36V (Advance 
Navigation, 2017) and therefore is supplied with 24V from the existing radar power supply. 
The serial to Ethernet converter will pass the information to the main Ethernet switch and 
the switch will pass the information to the HMI laptop.  
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The Advance Navigation – Spatial Dual GPS system was chosen for this experiment as it 
provides high accuracy of up to 8mm horizontal (with RTK) and 0.5m vertical accuracy. This 
system provides accurate position and orientation in difficult conditions as suggested by 
Advance Navigation (Advance Navigation, 2017) and therefore it will be suitable for this 
application. The system also allows two antennas to be used and therefore will allow 
direction-finding using multiple antennas as discussed by David Grimm (Grimm, 2008). This 
method of direction-finding was chosen because the radar is always stationary. Figure 3-2 
depicts the port layout of the spatial dual navigation system. 
 
Figure 3-2: Advance Navigation -Spatial dual system interface view (Advance 
Navigation, 2017) 
A full datasheet for the GPS system is provided in Appendix A. 
The GPS brackets, antenna brackets and modified cables were designed so that they can 
be fitted on the radar. This means that engineering changes needed to be made on the MSR 
in order to accommodate this installation. The results of the fitted antennas and GPS are 
shown in the next chapter.  
3.3 Software design 
The system control software (SCS) will send a message request to the GPS requesting data 
every 2 seconds. Once the software receives a response from the GPS, it will process it. 
The results will be used to calculate the position of the GPS relative to the mine coordinates 
system. In order for the software to know the coordinate system that will be used, the user 
will be required to enter the coordinates of the origin point that was used to create the local 
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system. Another way to get the local coordinate system is to georeference the radar with a 
total station first and the coordinate system will be stored on the radar. This will be done 
once and then the GPS can be used thereafter. The results of the GPS calculation and offset 
need to correlate with the local coordinate system, otherwise geo-referencing will fail. The 
software will continuously request the position from the GPS until the system is 
georeferenced. 
Initialize



















Figure 3-3: Geo-referencing software flow diagram 
3.4 Data collection and matrix system 
Regardless of the desired outcome, a data collection initiative was implemented in order to 
provide the input parameters into the weighted matrix system for the analyses. Data were 
collected in two different ways. Firstly, thorough research was carried out to understand the 
characteristics of both systems and methods. Secondly, practical on-site collection of data 
was conducted to compare with the research data. Table 3-1 shows the matrix template 
used for data collection.  
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Table 3-1 : Matrix system template for geo-referencing 
Decision Matrix   
  Options Weight 
Criteria Total station Method Automated GPS Method   
Accuracy 5 5 40% 
Cost 5 5 20% 
Time 5 5 20% 
Effort 5 5 10% 
Reliability 5 5 10% 
  
Total       
Average weight for TS Method 5 
Average weight for GPS Method 5 
In order to determine the input values for the matrix system, performance comparison was 
carried out and the results were recorded comparison table. The comparison tables are used 
to calculate the difference between the actual surveyed position and the obtained point from 
either the total station method or the GPS method. The comparison table is split into two, 
the total station method results and the GPS method result. The results will be recorded on 
the tables as shown Table 3-2 and Table 3-3. In each deployment, the system will be geo-
reference using both methods and the results will be captured on these tables. The tables 
also show one example of the deployment results. 
Table 3-2: Total station geo-referencing table 
Deployment 
ID 
Total station coordinates 







diff Height diff 
       











diff Height diff 
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Several deployments were carried out in order to determine all the parameters listed on the 
matrix system for each geo-referencing method. The results from the comparison will be 
plotted in order to compare the expected/actual position and obtained ones.  
The matrix system consists of a variety of parameters, which are described in the 
proceedings sections. 
3.4.1 Accuracy 
This is the closeness of the measurement to the true value. This can be calculated using 
RMS and standard deviation.  As discussed in Chapter 2, in mining application, high levels 
of accuracy are necessary important so this component takes more precedence. On every 
deployment, the obtained results will be compared with the expected values. As shown in 
Table 3-2 and Table 3-3, the X, Y and Z differences will be calculated and the percentage 
error can be determined using the below formula: 
 % 𝑒𝑟𝑟𝑜𝑟 =
𝑒𝑟𝑟𝑜𝑟
𝑎𝑐𝑡𝑢𝑎𝑙 𝑣𝑎𝑙𝑢𝑒
 𝑋 100 (3) 
The accuracy and precision of the data measurements is determined using the RMS and 
standard deviation on the data collected. Root mean square is the measure of the accuracy 
of the individual measurement. It can be calculated from the deviation between the true and 
measured points.   














= 𝑚𝑒𝑎𝑛 𝑠𝑞𝑎𝑢𝑟𝑒𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑣𝑎𝑙𝑢𝑒 
(4) 
In order to keep the results fair, the coordinate system used to create the local coordinate 
system for the site was regarded as true and accurate. Therefore, the results are compared 
to the local coordinate system. The higher the difference from the actual value, the lower the 
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value. The accuracy of the coordinates measured was determined using the scale in Table 
3-4. 
Table 3-4: Accuracy measurement table 
Scale Value 
0m - 0.5m 5 
0.5m  - 1m 4 
1m  -  2m 3 
2m  - 5m 2 
5m + 1 
3.4.2 Cost 
The cost of both systems plays an important role in determining the best technology to use. 
Some operations may want the best accuracy and would not mind the deployment time and 
some may not require the best accuracy but care more about the deployment time. 
Therefore, this component may vary from operation to operation. The actual cost of each 
system will be made available to illustrate the difference. The cost of each system will only 
be stated in terms of hardware and it excludes the customization and algorithm to integrate 
with the MSR. The percentage difference of the costs will be used to input the matrix table 
to determine the cost score. The system with the lowest price will score the maximum score. 
The percentage difference between the systems will be used to score the more expensive 
system.  
The percentage difference can be calculated using the below formula:  
 
% 𝑑𝑖𝑓𝑓 = 100% −
𝐿𝑜𝑤𝑒𝑠𝑡 𝑝𝑟𝑖𝑐𝑒
𝐻𝑖𝑔ℎ𝑒𝑠𝑡 𝑝𝑟𝑖𝑐𝑒𝑠
 𝑋 100 
(5) 
The percentage table shown in demonstrates the matrix score of the difference. 
Table 3-5 : Sytem cost difference from the cheapest 
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3.4.3 Deployment time 
Deployment time is the time it takes for a user to geo-reference the radar. This criteria is 
based on the scale shown in Table 3-6. 
Table 3-6 : Deployment time scale 









Effort is the amount of work and personnel required to complete geo-reference. It can also 
be defined as the use of physical or mental energy of trying to do something. This may differ 
from user to user and therefore the component is based on the user’s discretion. The score 
for this component is between one (1) and five (5).  
3.4.5 Reliability 
Reliability can be seen as the amount of time that the system can be deployed without failing. 
This is important for this test because the number of times that a system can be deployed 
without failing contributes to its overall performance. The reliability percentage can be 
evaluated by using the formula below: 
 
𝑅𝑒𝑙𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) =




3.5 Setup for the test 
Figure 3-4 shows the setup of the radar with the GPS/Total station and the corner reflector. 
The GPS was connected to the existing serial interface on the MSR.  
The corner reflector was chosen as a reference target for every deployment because it is a 
good signal reflector. The radar was geo-referenced with both methods and in each method, 
the corner reflector was scanned. The center of the corner reflector is the point that gives 
the highest return, therefore this point’s coordinates were taken as a reference point. This 
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way of performing the comparison of the methods does not only help us determine the radar 
position but it helps in making sure that the target is also located correctly. 
 
 
Figure 3-4: Hardware setup block diagram 
3.6 GPS testing 
One of the main tests of this research is to ensure that the GPS performs at its best as 
specified by the manufacturer. Therefore, the first step is to test the accuracy and 
performance of the GPS by deploying the integrated system in different sites to check the 
positioning accuracy and heading overtime. These initial tests were done using the advance 
navigation software that comes with the GPS system. . Appendix C shows a sample csv 
output from the Spatial dual GPS.  This software provides an output of raw data in the form 
of CSV which can be used for evaluation. The raw data includes the following useful 
attributes, which are used to determine the accuracy and time measurements: 
 Human Timestamp 
 Unix Time 
Ebenhezer Mabotha: 201201542 2020 
  Page 30 
 Latitude coordinates 
 Longitude 
 Heading 
By using the above attributes, the average longitude, latitude and height can be determined 









                                               𝑛 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑣𝑎𝑙𝑢𝑒𝑠 





= 𝑠𝑢𝑚 𝑜𝑓𝑎𝑙𝑙 𝑡ℎ𝑒 𝑣𝑎𝑙𝑢𝑒𝑠 
(7) 
The difference between the actual and average can be determined by subtracting the actual 
value from the average.  
 𝐷𝑖𝑓𝑓 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑎𝑐𝑡𝑢𝑎𝑙 𝑎𝑛𝑑  𝑎𝑣𝑒𝑟𝑎𝑔𝑒 =  𝐴𝑐𝑡𝑢𝑎𝑙 𝑉𝑎𝑙𝑢𝑒 − 𝐴𝑏𝑠(𝐴𝑣𝑒𝑟𝑎𝑔𝑒) (8) 
After a satisfactory analysis of the GPS results, a prototype design of the hardware was 
designed in order to integrate it on the MSR. The MSR HMI and algorithm were modified to 
allow geo-referencing using GPS. The results of each GPS testing deployment are provided 
in Chapter 4.  
3.7 Deployment and comparison 
Four geo-referencing comparison deployments were carried out in order to determine the 
performance of each method. In these deployments, the corner reflector coordinates were 
recorded to use for the experiments. For each deployment, the geo-referencing time was 
started as soon as the system was switched on. This means that the time between the 
collection of points and setting up the radar was excluded because this will vary from site to 
site. The process of setting up the radar will be the same for both methods because that is 
mandatory. The time taken to set up the MSR can therefore be regarded as a constant. 
Picking up points however can take enormous time but this is done occasionally. This will 
mostly affect the total station method, as it requires these reference points.  
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In order to compare the GPS and total station method, the coordinates of the center of the 
corner reflector are recorded using the system that was used to derive the local coordinates. 
These coordinates are regarded as accurate. The radar is then used to scan the corner 
reflector and record the coordinates of the center point for each geo-referencing method. 
This means that each deployment will have at least two sets of data, one for the GPS and 
one for the total station. Some deployments were repeated without changing the setup in 
order to verify the already acquired results and to verify reliability. In each deployment, the 
center of the corner reflector is verified using the amplitude return output from the MSR. A 
typical amplitude output from the MSR is shown in Figure 3-5. This shows the amplitude 
(dB) and the coordinates of the selected point in the form of Easting, Northing and Height 
(E, N, RL). 
 
 
Figure 3-5: Corner reflector amplitude output 
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The practical comparison results are recorded on the matrix system and the data is provided 
in Chapter 4. Furthermore, these results allowed evaluation and validation of the research 
question. 
3.8 Determining precision of the measured points 
As described in the above section, accuracy can be defined as the amount of uncertainty of 
a measurement to a true value. Precision is the consistency of the results when they are 
repeated. A measurement is precise if similar results are obtained with repeated 
measurements. During the comparison, some of the measurements and deployments were 
repeated to check the precision of the results. The precision of a set of measurements can 
be determined by calculating the standard deviation. Standard deviation is the measure of 
the dispersion of the data relative to the mean. It is calculated as the square root of the 
variance. 











𝑥𝑖 = 𝐸𝑎𝑐ℎ 𝑣𝑎𝑙𝑢𝑒 𝑓𝑟𝑜𝑚 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒 
µ = 𝑇ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒 𝑚𝑒𝑎𝑛 
(9) 
3.9 Errors 
There are different kinds of errors that may affect the comparison and measurements. These 
errors are listed below:  
3.9.1 Gross errors 
During deployments and performing comparisons, there may be gross errors that may be 
caused by human error and bad weather resulting in blurry vision to the target. These types 
of errors can occur when using the total station while observing the reference points and 
prisms. They are corrected or verified by two face measurements and being careful when 
recording the data.  
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3.9.2 Instrumental errors 
Instrumental errors arise due to the deficiency of the instrument, instruments that are not 
calibrated and misusing of the instrument. These errors can be eliminated by doing the 
following: 
 Calibrating the instrument  
 Use the instrument as specified by the manufacture 
Appendix B shows the calibration certificate for the Movement and surveying radar.  
3.9.3 Random errors 
These errors are caused by measured data being inconsistent when the measurements are 
repeated. These errors can be caused by human factors (senses sight and touch), 
instrument errors and the environment. These variations may occur even after the gross or 
instrumental errors have been accounted for. Since these errors are not noticeable, they 
become unrecognizable and impossible to eliminate or reduce. These errors can be 
corrected by repeating the same measurements more often. 
3.10 Reference points 
Reference points were picked locally and the beacon was used as the origin point.  Table 
3-7 shows the reference points used for the test located in Stellenbosch, Technopark. These 
points are regarded as true or accurate points and they represent the local coordinate 
system. 
Table 3-7 : Local Coordinate points 
Coordinates 
Point No. Description X(North)[m] Y(East)[m] Z(Up)[m] 
1 Beacon 0 0 0.515 
2 Back left corner 76.46 -74.51 1.22 
3 Back right corner 116.98 36.07 -0.52 
4 Rooftop RHS 124.47 -30.35 9.38 
5 Rooftop back LHS 113.84 -57.14 9.44 
The coordinates were spread around for better accuracy and they were positioned in such 
a way that they will be visible to the total station when comparing the methods. Figure 3-6 
shows the above coordinates from an aerial view.  
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Figure 3-6: Local coordinate aerial view map. Map taken from google maps. 
3.11 Data Analysis 
After data was collected, it was organized and analyzed. The GPS test results were analyzed 
using Microsoft Excel 2016. Average deployment position versus time was created and the 
results were plotted on line graphs. Performance comparison of the total station and GPS 
was done using the MSR HMI. Results and graphs were also recorded on the comparison 
tables.  
3.12 Methodology conclusion 
The methodology presented in this chapter illustrates the primary steps that were taken 
during each phase of the research and presents the tools used to complete each phase. 
Practical on-site experiments were carried out to compare key components in geo-
referencing which are accuracy, cost, time, reliability and effort. The experiments included 
deploying the radar in different locations in order to obtain the best results. The advanced 
navigation software was used for the initial GPS test as well as obtaining the raw data for 
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determining the accuracy of the GPS. The MSR HMI was used to perform geo-referencing 
comparisons and proving data to answer the research question. This chapter also provided 
the key components required for geo-referencing setup and considerations that needed to 
be taken into account. 
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4 Chapter 4: Experimental Setup Results and Analysis  
This chapter discusses the results of the methodology presented in chapter three. This 
chapter is divided into two sections, the GPS testing results and secondly the geo-
referencing comparison results.  
4.1 GPS installation results 
As mentioned in chapter 3, the advance navigation’s spatial dual system was chosen for this 
research. After studying the manufacture specification, the following configuration was set 
on the GPS in order to integrate it with the MSR. These adjustments mainly depend on the 
position and orientation of the GPS as well as the alignment of the dual antennas used.  
a. Alignment Offset 
 Pitch Offset = 90.000° 
b. GNSS Antenna Offset 
 X Offset:  0.3 
 Y Offset:  -0.5 
 Z Offset:  1.2 
c. Dual Antenna Offset 
 Automatically 
 Primary = Left (SDP side) 
 Secondary = Right (CP side) 
d. The following packets were enabled for logging : 
 Packet_id_device_information = 3 
 Packet_id_system_state = 20 
 Packet_id_utm_position = 34 
 Packet_id_satellites = 90 
 Packet_id_raw_gnss = 29 
 Packet_id_installation_alignment = 185 
The setup and adjustments were based on the instructions specified in the Spatial dual 
manual (Advance Navigation, 2017).  
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4.1.1 GPS fitting mounting 
 
Figure 4-1: GPS mounted on a bracket (Left picture) and  installed on the MSR (Right 
picture). (Advance Navigation, 2017) 
4.1.2 Antenna mounting 
Two antennas with a baseline of 1m were used for direction finding. According to Advance 
Navigation, a baseline of 1m will give a heading accuracy of 0.1 degree (Advance 
Navigation, 2017). The antenna baseline is shown in Figure 4-3 
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Figure 4-2: GPS antennas mounted on the MSR antenna. (Advance Navigation, 2017) 
 
Figure 4-3: Antennas installed on the MSR with a baseline of 1m  
4.2 GPS testing results for multiple deployments 
Five sites were chosen as discussed in Chapter 3, the first step in this research was to test 
the accuracy of the GPS. The GPS was deployed at five different sites to confirm its 
manufacturer’s specifications. The graphs shown from section 4.2.1 to 4.2.7 below were 
derived from the row data generated by the Spatial Navigation system. The sites and test 
results are detailed below. 
a. Stellenbosch Square  
b. Mooiberge Farmstall parking area 
c. Lyndoch Petrol station on Baden Powell Drive 
d. Baden Powell Drive near Van Rhyn’s distillery 
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e. R44 between Dorp street and Die Boord 
The aerial map in Figure 4-4 shows the aerial view of the locations specified above.  
 
Figure 4-4: GPS deployment points aerial view  
4.2.1 Deployment: Stellenbosch Square parking area  
Figure 4-5 shows the average time taken by the GPS to get a stable Latitude of -33.97744. 
After 150 seconds, the GPS presented a more stable value. 
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Figure 4-6 shows that the GPS longitude started stabilising after 150 seconds with a 
longitude value of 18.841455. 
 
Figure 4-6: Longitude - Stellenbosch Square parking area 
The height obtained at this location was fluctuating between 151m and 152m after 200 
seconds. This is shown in Figure 4-7. 
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Figure 4-8: Heading - Stellenbosch Square parking area 
The deployment at Stellenbosch Square parking area showed averages indicated in Table 
4-1. 






Subtracting the actual values from the averages yields the deviation shown in Figure 
4-9.The time it took for the GPS to get the average results on this deployment can be 































Heading between 180 and -180 degrees
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Figure 4-9: Stellenbosch Square parking area difference of actual and average 
4.2.2 Deployment: Mooiberge Farmstall parking area 
Figure 4-12 shows the average time taken by the GPS to get a stable Latitude of -33.99887. 
After 100 seconds, the GPS presented a more stable value. 
 
Figure 4-10: Latitude - Mooiberge Farmstall parking area 
Figure 4-13 shows that the GPS longitude started stabilising after 100 seconds with a 
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Figure 4-11: Longitude - Mooiberge Farmstall parking area 
The heading at for the deployment on Mooiberge Farmstall parking area became stable at 
131.5 after 100 seconds.  
 
Figure 4-12: Height - Mooiberge Farmstall parking area 
The heading for this deployment was quick to stabilise and this is shown in Figure 4-16 . 
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Figure 4-13: Heading Mooiberge Farmstall parking area 
The deployment at Stellenbosch Square parking area showed averages indicated in Table 
4-2. 






Subtracting the actual values from the averages yields the deviation shown in Figure 4-14 
The time it took for the GPS to get the average results on this deployment can be observed 
































Heading between -180 and 180 degrees
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Figure 4-14: Mooiberge Farmstall difference of actual and average 
4.2.3 Deployment: Lyndoch Petrol station on Baden Powell Drive 
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Figure 4-16: Longitude - Lyndoch Petrol station on Baden Powell Drive 
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Figure 4-18: Heading - Lyndoch Petrol station on Baden Powell Drive 
The deployment at Stellenbosch Square parking area showed averages indicated in Table 
4-3. 






Subtracting the actual values from the averages yields the deviation shown in Figure 4-19. 
The time it took for the GPS to get the average results on this deployment can be observed 






























Heading -180 to 180 degrees
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Figure 4-19: Lyndoch Petrol station on Baden Powell Drive difference of actual and 
average 
4.2.4 Deployment: Baden Powell Drive near Van Rhyn’s distillery 
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Figure 4-21: Longitude - Baden Powell Drive near Van Rhyn’s distillery 
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Figure 4-23: Heading - Baden Powell Drive near Van Rhyn’s distillery 
The deployment at Stellenbosch Square parking area showed averages indicated in Table 
4-4 






Subtracting the actual values from the averages yields the deviation shown in Figure 4-24. 
The time it took for the GPS to get the average results on this deployment can be observed 




































Heading between -180 and 180 degrees
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Figure 4-24: Baden Powell Drive near Van Rhyn’s distillery difference of actual and 
average 
4.2.5 Deployment: R44 between Dorp street and Die Boord 
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Figure 4-26: Longitude - R44 between Dorp street and Die Boord 
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Figure 4-28: Heading - R44 between Dorp street and Die Boord 
The deployment at Stellenbosch Square parking area showed averages indicated in Table 
4-5. 






Subtracting the actual values from the averages yields the deviation shown in Figure 4-29. 
The time it took for the GPS to get the average results on this deployment can be observed 



























Heading from -180 to 180 Degrees
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Figure 4-29: Baden Powell Drive near Van Rhyn’s distillery difference of actual and 
average 
4.2.6 Heading standard deviation for 5 deployments 
 
Figure 4-30: Standard heading deviation for the five deployments.  
4.2.7 Summary of the GPS tests results 
The main objective for this  test was to determine the time it take for the GPS to be ready 
for geo-referencing. A summary of the average time for the GPS to determine its position is 
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Standard Heading Deviation for 5 deployments
STD Heading Dev 1 STD Heading Dev 2 STD Heading Dev 3
STD Heading Dev 4 STD Heading Dev 5
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Table 4-6:  GPS average deployment time. 
Deployment Average time(s)  
Stellenbosch Square parking  54 
Mooiberge Farmstall  50 
Lyndoch Petrol station  62 
Dorp street and Die Boord 20 
Baden Powell Drive 137 
Average time 64.6 
The average time will be used as the time to geo-reference a system when using the GPS. 
The time will be kept the same for the GPS on all the geo-referencing comparisons. 
4.3 Geo-referencing Comparison of total station and GPS 
The geo-referencing data comparison between total station and GPS was collected in order 
to answer the main research question. It is important to note that the corner reflector was 
kept constant while the radar was moved around. The coordinates of the center point of the 
corner reflector were picked and used as the actual reference point for all deployments. To 
create local coordinates, the beacon was regarded as the origin therefore the coordinates 
of the corner reflector were offset from the beacon. The coordinates are shown in Table 4-7. 
Table 4-7:  Actual coordinates for corner reflector position. 
  X(North) Y(East) Z(Up) [m] 
Corner reflector coordinates -33.964444 18.83518 142 
Actual coordinates(offset from beacon 
coordinates) 97.984846 36.64046592 0.77 
4.3.1 Deployment 1 
On the first deployment, the MSR was georeferenced with the total station and a scan region 
was created to scan the corner reflector. The center point shown as the point with the highest 
amplitude return showed the results in Figure 4-31. 
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Figure 4-31: Deployment 1- Total station corner reflector amplitude results 
The MSR was then georeferenced using the GPS and the corner reflector amplitude results 
were recorded as shown in Figure 4-32 . 
 
Figure 4-32: Deployment 1- GPS corner reflector amplitude result 
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The highest amplitude return of the corner reflector for the total station geo-referencing was 
-10.01dB and for the GPS was -9.29dB. The coordinates and difference from the actual 
coordinate of the corner reflector point of both systems are shown in Table 4-8 and Table 
4-9. The time to complete geo-referencing was 29min 34s. 
Table 4-8:  Deployment 1 - Total station corner reflector coordinates results. 
Deployment 
ID 
Total station coordinates 







diff Height diff 
1 95.3 37.7 -4.2 2.68485 -1.0595 -3.43 




Obtained results Difference 
X(North)[m] Y(East)[m] 
Z(Up) 
[m] Latitude Diff Longitude diff 
Height 
diff 
1 95.3 37.7 -3.2 2.684845809 -1.059534077 3.97 
 
4.3.2 Deployment 2 
The MSR was moved, georeferenced with the total station and a scan region was created 
to scan the corner reflector. The center point shown as the point with the highest amplitude 
return showed the results in Figure 4-33. 
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Figure 4-33: Deployment 2 - Total station corner reflector amplitude results. 
The MSR was then georeferenced using the GPS and the corner reflector amplitude results 
were recorded as shown in Figure 4-32 . 
 
Figure 4-34: Deployment 2 - GPS corner reflector amplitude result. 
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The highest amplitude return of the corner reflector for the total station geo-referencing was 
-8.01dB and for the GPS was -7.86dB. The coordinates and difference from the actual 
coordinate of the corner reflector point of both systems are shown in Table 4-8 and Table 
4-9. The time to complete geo-referencing was 23min 26s. 
Table 4-10:  Deployment 2 - Total station corner reflector coordinates results. 
Deployment 
ID 
Total station coordinates 





Diff Longitude diff Height diff 
2 96 37.6 2 1.98485 -0.9595 -1.23 




Obtained results Difference 





2 95.9 37.7 2.1 2.084845809 
-
1.059534077 -1.33 
4.3.3 Deployment 3 
The MSR was moved to the third position, georeferenced with the total station and a scan 
region was created to scan the corner reflector. The center point shown as the point with 
the highest amplitude return showed the results in Figure 4-35. 
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Figure 4-35: Deployment 3 - Total station corner reflector amplitude results. 
The MSR was then georeferenced using the GPS and the corner reflector amplitude results 
were recorded as shown in Figure 4-32.  
 
Figure 4-36: Deployment 3 - GPS corner reflector amplitude result. 
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The highest amplitude return of the corner reflector for the total station geo-referencing was 
-6.99dB and for the GPS was -7.09dB. The coordinates and difference from the actual 
coordinate of the corner reflector point of both systems are shown in Table 4-12 and Table 
4-13. The time to complete geo-referencing was 22min 55s. 
Table 4-12:  Deployment 2 - Total station corner reflector coordinates results. 
Deployment 
ID 
Total station coordinates 










3 96 37.6 2.2 2.48485 -0.9595 -1.43 




Obtained results Difference 
X(North)[m] Y(East)[m] 
Z(Up) 





3 95.4 37.6 2.5 2.584845809 -0.95953407 -1.73 
4.3.4 Deployment 4 
The MSR was moved to the fourth position, georeferenced with the total station and a scan 
region was created to scan the corner reflector. The center point shown as the point with 
the highest amplitude return showed the results in Figure 4-37. 
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Figure 4-37: Deployment 4 - Total station corner reflector amplitude results. 
The MSR was then georeferenced using the GPS and the corner reflector amplitude results 
were recorded as shown in Figure 4-38.  
 
Figure 4-38: Deployment 4 - GPS corner reflector amplitude result. 
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The highest amplitude return of the corner reflector for the total station geo-referencing was 
-8.66dB and for the GPS was -8.53dB. The coordinates and difference from the actual 
coordinate of the corner reflector point of both systems are shown in Table 4-14 and  
Table 4-15. 
Table 4-14:  Deployment 4 - Total station corner reflector coordinates results. 
Deployment 
ID 
Total station coordinates 







diff Height diff 
4 95.3 37.5 -4.8 2.68485 -0.8595 5.57 
 




Obtained results Difference 





4 95.3 37.5 -4.5 2.684845809 -0.859534077 5.27 
4.4 Summary of Geo-referencing comparison 
Based on the geo-referencing comparison results, the average time to geo-reference a radar 
using the total station and prism was found to be 25min 39s. Table 4-16 shows the total 
station deployment times and average.  
Table 4-16:  Total station average geo-referencing time. 
Deployment number 
Time (sec) Time (min) 
Deployment 1 1760.4 29:34 
Deployment 2 1395.6 23:26 
Deployment 3 1353 22:55 
Deployment 4 1633.8 27:23 
Average 1535.7 25:39 
A summary of the actual values, average values and difference between the actual and 
average is shown in Table 4-17 and Table 4-18.  
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Table 4-17:  Total station Summary of average values and difference between actual 
and average. 
  
Component Actual value Average value Difference between actual and average 
Latitude 97.98484581 95.525 2.45984581 
Longitude 36.64046592 37.6 -0.95953408 
Height 0.77 -1.2 -0.43 
  
Table 4-18:  GPS Summary of average values and difference between actual and 
average. 
 
Component Actual value Average value 
Difference between actual and 
average 
Latitude 97.98484581 95.475 2.50984581 
Longidude 36.64046592 37.625 -0.98453408 
Height 0.77 -0.775 -0.005 
 
The final comparison results can be represented on the matrix table as discussed in the 
earlier. The matrix system yielded the results shown in Table 4-19. 
Table 4-19:  Geo-referencing comparison matrix table 
Total station decision matrix   





Method   
Accuracy 3 3 40% 
Cost 5 4 20% 
Time 3 5 20% 
Effort 1 5 10% 
Reliability 5 5 10% 
  
Average weight for TS 
Method 3.4 
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4.5 Conclusion 
Geo-referencing comparison was carried out in order to obtain data that can be used to 
populate the matrix table. The matrix system results reflects that the total station 
performance is lower than the GPS performance. Since the performance is a combination 
of five elements. It is better to evaluate the elements individually in order to get a clear 
performance comparison. A detailed discussion of these results is done in chapter 5.  
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5 Chapter 5: Discussion of Results 
5.1 Introduction 
The outcome of this experiment was a validation of the existing geo-referencing method 
compared with the integration of the GPS. The results needed to confirm if the GPS can be 
integrated on the MSR and evaluate its performance to that of the total station. Chapter four 
presented an analysis of the results obtained from the integration and experiments 
performed to answer the research question. This chapter provides a discussion and detailed 
explanation of the results in relation to the literature review and methodology.  
5.2 Results discussion 
As mentioned in section 3.7 four geo-referencing comparison deployments were carried out 
in order to determine the performance of each method. For each deployment, the geo-
referencing time was started as soon as the system was switched on. Therefore, the process 
of setting up the radar will be the same for both methods because that is mandatory. The 
time taken to set up the MSR can therefore also be regarded as constant. Picking up points 
however can take enormous time but this is done occasionally. This will mostly affect the 
total station method, as it requires these reference points.  
The average time it takes to deploy the MSR using the total station is 25min 35seconds and  
the GPS was recorded as 64.6 seconds. With regards to the total station method, if the time 
taken to pick up the reference points is added to this average time, then this will affect the 
deployment time results. Adding more time on top of the average time will drastically affect 
the output of the matrix results.  
The GPS deployment time for the five deployments varied from as low as 20seconds to 
137seconds. These times are still way below the average time for the total station and 
therefore it obtains a score of five on the matrix table because its deployment time is less 
than 10min. The GPS deployment time was determined by the time that the GPS takes to 
average its coordinates below a level of 1 degree. The time varies for latitude, longitude and 
height. Since the GPS requires several satellites to determine its location, the accuracy and 
time for the GPS to determine its position may differ from location to location. The ideal 
acceptable time for the GPS deployment is that it is ready by the time the MSR has been 
powered up and ready to be geo-referenced.  
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5.3  Accuracy measurements discussion 
For each deployment, the accuracy of each deployment was combined and averaged in 
order to obtain the average accuracy for the deployment. This way of averaging hides the 
accuracy of each component (Easting, Northing and Height). The accuracy of each 
component differs per deployment and maybe close to the actual corner reflector 
coordinates if considered alone. The actual coordinates for the corner reflector Easting and 
Northing was 36.4m and 97.98m respectively while the height was 0.77m. The accuracy of 
the reference points used contribute to the results of the georeferencing and hence the 
position was not exactly the same as expected. 
On the first deployment, the total station Easting and Northing results were recorded to be 
37.7m and 95.3m respectively. This resulted in a difference of -1.05m for the Easting and 
2.68m for the Northing compared to the corner reflector. The height showed a significant 
difference compared to the other two components. The height obtained with the total station 
deployment was -4.2m. This resulted in a height difference of 4.97m. If each component is 
considered alone, then the Easting and Northing will receive an accuracy value of 4 and 2 
respectively and the height will receive an accuracy value of 2 on the matrix table.  
The GPS results for the first deployment showed similar results as the total station in terms 
of Easting and Northing. The height was however different from the total station and the 
actual corner reflector. The height was obtained as -3.2m and this resulted in a difference 
of 3.97m difference. On the matrix table, the accuracy value for the height is obtained as 
two. 
The second deployment showed some differences compared to the first deployment. The 
total station Easting and Northing were recorded as 37.6m and 96m respectively. This 
resulted is a difference of 0.96m and 1.98m respectively. The height was recorded to be 2m 
and differs from the actual height by -1.23m. Inserting these values on the matrix table will 
result in the Easting and Northing obtaining accuracy levels of 3 and 4 respectively while 
the height will obtain a value of 3. 
Geo-referencing results for the second GPS deployment resulted in the Easting and 
Northing values as 37.7m and 95.9m respectively. The height was found to be 2.1m. These 
values differed from the actual expected values. The difference between the actual and 
obtained for the Easting and Northing were found to be -1.06m and 2.08m while the height 
difference was obtained as -1.33. Using the matrix system to determine the accuracy level 
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will results in the Easting getting a value of 3, Nothing getting a value of 2 and height 
obtaining a value of 4.  
On the third deployment, the total station Easting and Northing results were recorded to be 
37.6m and 95.5m respectively. This resulted in a difference of -0.96m for the Easting and 
2.48m for the Northing compared to the corner reflector. The height obtained with the total 
station deployment was 2.2m. This resulted in a height difference of -1.3m. If each 
component is considered alone, then the Easting and Northing will receive an accuracy 
value of 4 and 2 respectively and the height will receive an accuracy value of 3 on the matrix 
table.  
The GPS results for the third deployment showed the Northing and Easting to be 37.6m and 
95.4m respectively. The difference between the actual value and the obtained was found to 
be -0.96m for Easting and 2.58 for Northing. Inserting the values on the matrix table resulted 
in the Easting obtaining a value of 4 and Northing a value of 2. The height was found to be 
2.5m and resulted in a difference of -1.73. This gave a matrix value of 3. 
The fourth deployment showed the total station deployment Easting and Northing as 37.5m 
and 95.3m respectively. This resulted the Easting and Northing difference of 0.85m and 1.68 
respectively. The height was recorded to be -4.8m and differs significantly from the actual 
height by 5.57m. This was the largest height difference between all the deployments.  
Inserting these values on the matrix table will result in the Easting and Northing obtaining 
accuracy levels of 4 and 3 respectively while the height will obtain a value of 1. 
Geo-referencing results for the fourth GPS deployment resulted in the Easting and Northing 
values as 37.5m and 95.3m respectively. The height was found to be -4.5m. These values 
differed from the actual expected values. The difference between the actual and obtained 
for the Easting and Northing were found to be -0.86m and 2.68m while the height difference 
was obtained as 5.27. Using the matrix system to determine the accuracy level will results 
in the Easting getting a value of 4, Northing getting a value of 2 and height obtaining a value 
of 1.  
The average accuracy represented on the matrix system can be summarised as shown in 
Table 5-1. The table shows the values of each component on every deployment and also 
averages the component results.  
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Table 5-1:  Total station average matrix accuracy for each component  
Matrix accuracy value 
Component Deployment 1 Deployment 2 Deployment 3 Deployment 3 Average 
  Total station  GPS  Total station  GPS  Total station  GPS  Total station  GPS  Total station  GPS  
Easting 4 4 3 2 4 4 4 4 4 3.5 
Northing 2 2 4 3 2 2 3 2 2.25 2.25 
Height 2 2 3 3 3 3 1 1 2 2.25 
Based on the individual component, the average Easting value obtained for the total station method is found to be 3.75 on the matrix table. 
Comparing this value to that of the GPS which is 3.5, the total station Easting accuracy is better than the GPS accuracy.  
The Northing also showed a significant difference between the total station and GPS. The total station’s Northing value scored an average 
of 2.75 on the matrix system and the GPS scored a value of 2.25. This gives a difference of 0.5 making the total station better than the GPS 
for Northing accuracy.  
The height for both methods was found to be the same as they both scored a value of 2.25. The height seems to be a challenge for both 
methods because some of the values obtained during the experiments were found to deviate from the actual/expected values by 5m. This 
caused both these methods to score very low in terms of height on the matrix system. 
Given the above results, the total station can be regarded as more accurate compared to the GPS. The matrix table showed in Table 4-19 
indicates that both the methods scored a value of three on the matrix system. The value indicated in Table 4-19 is an average for all three 
components combined and not individual components. Table 5-1 was used to determine each component’s accuracy and result in the total 
station scoring more than the GPS.  
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The Advance Navigion-Spatial dual accuracy is stated as 0.1 degrees by Advance 
Navigation (Advance Navigation, 2017). This is acceptable to intergrate on the MSR 
because the MSR’s bean width is 1.8 degrees. This means that at a distance of 1000m, the 
size of the beam will be 4.4 meter. If the accuracy of the GPS is within the radar beamwidth 
degrees then it means the target will fall within the beamwidth of the radar. 
It is worth noting that for all the deployments, none of them could give the actual corner 
reflector point.  All of the above measurements may differ based on the distance towards 
the reference points and the accuracy of the GPS for that deployment.  
5.4 Cost measurement 
The cost of the Spatial dual GPS is specified as USD 9126 on the Advance navigation’ 
website (Advance Navigation, 2020). The price of the total station TS07 that is used by 
Reutech is listed as USD 8040 from Tiger Supplies (Tiger Supplies, 2020). The prisms and 
tripod are not included in the cost of the total station. The Leica GMP101 mini prisms that 
are used on the radar are priced at USD 180 (SUNBELT RENTALS, 2020).  The Leica tripod 
used is priced at USD 192 from Tiger Supplies (Tiger Supplies, 2020). This means the total 
cost of the total station equipment costs is USD 8412. This shows that the total station is 
less expensive than GPS. This means that the total station will obtain a score of five (5) on 
the matrix system. The score for the GPS is determined by calculating the score difference. 
The score difference is calculates as follows:  
 
% 𝑑𝑖𝑓𝑓 = 100% −  
𝐿𝑜𝑤𝑒𝑠𝑡 𝑝𝑟𝑖𝑐𝑒
𝐻𝑖𝑔ℎ𝑒𝑠𝑡 𝑝𝑟𝑖𝑐𝑒𝑠
 𝑋 100 
 
 
% 𝑑𝑖𝑓𝑓 = 100 − 
8412
9126
 𝑋 100 
=7.82% 
 
The percent result of the GPS is determined to be 7.82% and this result in a score of 4 on 
the matrix table.  
5.5 Reliability measurement discussion 
The reliability component of the matrix system was included to measure the number of 
attempts that each method requires in order to geo-reference the MSR. For all the 
deployments, geo-referencing was completed on the first attempt for both the total station 
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and GPS. This means that both these methods can score a value of five (5) on the matrix 
system. 
5.6 Effort measurement  
One of the components that were evaluated during the deployments was the effort it takes 
to geo-reference the radar on both systems. The total station method requires setting up the 
tripod, levelling the station itself, and connecting the cable from the radar to the total station 
at least 10m away from each other. Then the measurement of the prism and the reference 
point also took a lot of energy and effort to accomplish. The GPS method only required 
switching on and waiting for the coordinates to stabilize before using it and therefore there 
was not a lot of energy or effort required to accomplish geo-referencing. Given these 
scenarios, the GPS scored a value of five (5) on effort and the total station scored a value 
of one (1) on the effort category of the matrix system. 
5.7 Preferred geo-referencing method  
Each mine operation is different and the level of accuracy of data that is needed from the 
MSR may be different. Some operations may require that the data from the MSR be accurate 
and therefore may prefer a more accurate system while others may not be concerned with 
the high accuracy of the radar data. Therefore, for operations that require higher accuracies, 
the total station is the best solution. However, for the operations that do not require the bet 
accuracy then the GPS can be used for geo-reference. The major advantage of using GPS 
is that the deployment time is much quicker than that of the total station and prism 
technology. Another major advantage of using GPS for geo-referencing is that it does not 
require a line of sight. This means that the user can geo-reference the radar even when it is 
dark or not clear.  
Some of the advantages and disadvantages of both the technologies are indicated in  Table 
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Table 5-2:   Advantages and disadvantages of using GPS geo-referencing 
GPS geo-referencing 
Advantages  Disadvantages  
Does not require line of sight to the 
reference points 
Accuracy depends on the availability 
of satellites 
Can be used day and night 
Less accurate than the total station 
and prism method 
Quick deployment time 
Can be affected by multipath and 
satellite geometry 
Requires less energy and effort to setup   
Longer range   
Table 5-3:   Advantages and disadvantages of using total station and prism geo-
referencing 
Total station geo-referencing 
Advantages  Disadvantages  
More accurate than the GPS Day time use only 
Shorter range 
Requires line of sight to the 
reference point 
Works in depended of the satellite Requires setup 
  Accuracy depends on the distance 
The above advantages and disadvantages can help each mine choose a method that is 
suitable for their operation.  
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6 Chapter 6: Conclusion and Recommendation 
6.1 Introduction 
In the mining environments, total station and GPS are used for various applications such as 
surveying, architecture, tracking of vehicles and geodesy. All these aspects require a certain 
level of accuracy depending on the needed requirements. The MSR is one of the systems 
that require geo-referencing in order to be accommodated in the mining industry. In chapter 
five, the performance comparison of geo-referencing a radar using prisms method with a 
global positioning system was evaluated. This chapter gives a summary and conclusion of 
the work that was done in this research.   
6.2 Conclusion 
The purpose of this research work was to integrate the GPS on the MSR and perform 
accuracy, deployment time, effort, cost and reliability comparison between the total station 
and the GPS when used for geo-referencing. To achieve the objective of this research, the 
Advance Navigation - Spatial dual GPS was chosen and integrated on the MSR using some 
of the principles that were obtained from the literature and the documentation provided by 
the manufacturer. 
The comparison was conducted in various steps. The first step was to confirm the GPS 
specifications by deploying the integrated system on five (5) different locations. The main 
outcome for this test was to determine the time it takes for the GPS to get an average 
position. This was found to be 64.6s. The time was used as a constant for GPS when 
comparing both methods.  
The second step was to conduct a performance comparison between the total station and 
GPS. Four deployments were carried out for the comparison. The corner reflector was 
placed at a specific point and its coordinates were recorded. The radar was geo-referenced 
with both methods and the corner reflector was scanned to determine its relative position. 
The results of geo-referencing method were recorded and compared to the actual survey 
coordinates taken when setting up the corner reflector. In every deployment, the times for 
setting up the total station and geo-reference the system were recorded. The results of the 
total station deployment time were 25min 39s which is significantly longer than that of the 
GPS.  
The accuracy results for all the four deployments on the matrix table showed that both the 
methods obtained an accuracy score of three (3) out of five (5) but if the results are closely 
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looked at as illustrated in section 5.3, it can be observed that the total station is more 
accurate than the GPS. The matrix table gave the average accuracy of the combined 
components of the coordinates.  
Therefore, it can be concluded that it is possible to integrate the GPS on the movement and 
surveying radar. The comparison showed that the radar is able it be geo-referenced using 
the GPS. The accuracy of the GPS may differ depending on the location and satellites 
available. The results of the experiments also proved that the total station method of geo-
referencing is more accurate than the GPS method and this compliments the work that was 
done by Chekole (Chekole, 2014). 
6.3 Recommendations 
The outcome of this research will hopefully contribute to the knowledge of geo-referencing, 
its accuracy and time consumption between the two methods on the MSR. Each operation 
can clearly differentiate and decide on which system will suitable to meet their expected 
results. For further improvement of time and accuracy, the following recommendations 
presented:  
 The accuracy of the control points used should be surveyed using the best accurate 
system possible. If possible, the local coordinate system can be created using the 
total station and not offset the values from the GPS surveying.  
 Collecting reference points and performing setup is tiring. This can lead to making 
many mistakes, which introduce errors into the measurements. It is therefore better 
to have someone looking over the shoulder. 
6.4 Suggestion for further research 
The findings of this research raised a couple of questions that require further research. 
Firstly, geo-referencing the MSR using the GPS requires the radar be at least be geo-
referenced once using the total station so that the local coordinates can be stored and be 
used by the algorithm when geo-referencing the radar using the GPS. The use of the total 
station on the first deployment can be eliminated by making use of the GNSS RTK technique 
of determining position. If the mine already has a base station, the MSR can be fitted with a 
rover in order to determine its position relative to the mine’s local coordinate system. 
Secondly, further investigation can be conducted to determine the various scenarios and 
components that affect the total station accuracy on the MSR. This can be done by 
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performing accuracy measurement used in this research but only moving the radar’s position 
and keeping the total station and corner reflector constant. The same can be done by moving 
the total station and keeping the radar and the corner reflector constant.   
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 Appendix  A: Advance Navigation – Spatial Dual datasheet
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Appendix C: Advance Navigation GPS CSV file output 
 
